Methyl salicylate (MeSA) is a long-distance signal transduction chemical that plays an important role in plant responses to abiotic stress and herbivore and pathogen attacks. However, it is unclear how photosynthesis and elicitation of plant volatile organic compounds (VOC) from different metabolic pathways respond to the dose of MeSA. We applied different MeSA concentrations (0-50 mM) to study how exogenous MeSA alters VOC profiles of silver birch (Betula pendula Roth) leaves from application through recovery (0.5-23 h). Methyl salicylate application significantly reduced net assimilation rate in 10 mM and 20 mM MeSAtreated plants. No significant effects of MeSA were observed on the stomatal conductance at any MeSA concentration. Methyl salicylate elicited emissions of benzenoids (BZ), monoterpenes (MT) and fatty acid derived compounds (LOX products). Emission rates of BZ were positively, but emission rates of MT were negatively correlated with MeSA concentration. Total emission of LOX products was not influenced by MeSA concentration. Emission rate of MT was negatively correlated with BZ and the share of MT in the total emission blend decreased and the share of BZ increased with increasing MeSA concentration. Although the share of LOX products was similar across MeSA treatments, some LOX products responded differently to MeSA concentration, ultimately resulting in unique VOC blends. Overall, this study demonstrates inverse responses of MT and BZ to different MeSA doses such that plant defense mechanisms induced by lower MeSA doses mainly lead to enhanced MT synthesis, whereas greater MeSA doses trigger BZ-related defense mechanisms. Our results will contribute to improving the understanding of birch defenses induced upon regular herbivore attacks and pathogen infections in boreal forests.
Introduction
Salicylic acid (SA) is synthesized from isochorismate through the shikimate pathway in plants ), and methyl salicylate (MeSA) is its methylated derivative. As one of the most important phytohormones related to biotic and abiotic stress responses, methylation of SA increases its membrane permeability and volatility, and thus, endogenous MeSA can be emitted from stressed foliage to the surrounding atmosphere, allowing for effective long distance transport of the defense signal (War et al. 2012) . Thus, MeSA is a well-known airborne signaling molecule involved in both plant-insect and inter-and intra-plant communication, attracting insect predators of herbivores or transmitting stress signals to the neighboring plants (Park et al. 2007 , War et al. 2012 .
The production of MeSA is a common stress response, and MeSA is released when plants are exposed to both abiotic stresses (Ding et al. 2001 , Munné-Bosch and Peñuelas 2003 , Kask et al. 2016 , Li et al. 2017 ) and biotic stresses (Kost and Heil 2006 , Jiang et al. 2016 , 2017a . There is evidence that in the SA signaling pathway, MeSA indeed serves as a mobile signal to induce systemic acquired resistance (SAR) in Nicotiana tabacum (Shulaev et al. 1997) , Arabidopsis (Dempsey et al. 2011) and Populus (Zhao et al. 2009 ). During defense responses, MeSA translocated within the plant from the sites of synthesis to target sites or taken up from the ambient atmosphere is converted back in the target tissues to SA to subsequently trigger SAR (Dempsey et al. 2011) .
In addition to MeSA release, plants emit a large number of different volatile organic compounds (VOCs) either constitutively or upon exposure to different abiotic and biotic stresses (stressinduced volatiles) (Loreto and Schnitzler 2010 ). Typically, three major groups of VOC are produced in a wide range of plant species under stresses: monoterpenes from the 2-C-methyl-D-erythritol 4-phosphate/1-deoxy-D-xylulose 5-phosphate (MEP/DOXP) pathway, fatty acid-derived compounds from the lipoxygenase (LOX) pathway and benzenoids from the shikimate/phenylpropanoid (PAL) pathway (Dudareva et al. 2006 , Gershenzon and Dudareva 2007 , Loreto and Schnitzler 2010 . However, little is known of how the rate and composition of VOC emissions scale with the dose of exogenous elicitors. Elicitor dose-dependent scaling of VOC emissions in non-stressed 'recipient' plants is plausible because higher elicitor doses are expected to be associated with greater stresses in neighboring 'recipient' plants. Thus, provided atmospheric MeSA concentration scales with the stress severity in 'donor' plants, higher MeSA concentration are expected to induce stronger VOC emissions from the MeSA 'recipient' plants. So far many studies have used jasmonic acid (JA) and its methylated form methyl jasmonate (MeJA) to investigate the regulation role of the JA pathway in plant VOC synthesis (Filella et al. 2006 , Degenhardt et al. 2010 , Menzel et al. 2014 , Jiang et al. 2017b , and indeed, a MeJA dose-dependent upregulation of VOC emissions has been observed (Jiang et al. 2017b) .
Although SA signaling pathway in plants is well studied (Loake and Grant 2007) , few studies have focused on the dosedependent relationships between exogenous MeSA and induced VOC emissions in stressed plants. Available evidence does indicate that application of MeSA could at least impact emission of VOC synthesized from different synthesis pathways. For example, Peñuelas et al. (2007) demonstrated that concurrent effects of MeSA and increased temperature could result in greater monoterpene emissions in MeSA fumigated holm oak (Quercus ilex, L.) seedlings. Similarly, Tang et al. (2015) found that the release of several fatty acid derived VOCs was significantly induced by MeSA treatments in hybrid poplar (Populus × euramericana) cuttings.
Silver birch (Betula pendula Roth) is a dominant earlysuccessional species in Eurasian temperate and boreal forests. Although B. pendula is a low-level constitutive VOC emitter , it can become a strong emitter of different VOCs, primarily monoterpenes following stress occurrence (Hakola et al. 1999 , Pag et al. 2013 . Due to the frequent exposure to herbivore attacks and pathogen infections, B. pendula is potentially one of the strongest VOC emitters among the boreal and temperate tree species (Blande et al. 2010 , Maja et al. 2015 . The emission of MeSA from boreal and temperate forests are projected to continuously increase due to enhanced spread of pathogens and more frequent herbivore attacks in future climates (Maja et al. 2015 , Vuorinen et al. 2007 . The quantitative relationships between MeSA dose and total emission rates and changes in the share of different VOC groups will provide important input into quantitative modeling of VOC formation above the boreal and temperate forests.
In this study, we used B. pendula to investigate effects of different concentrations of MeSA on leaf photosynthetic characteristics and on elicitation of VOC emissions. We focused on how MeSA applications impact photosynthetic characteristics as well as the emissions of VOC from three main pathways: MEP/DOXP, LOX and shikimate/PAL pathways. We hypothesized that a dose-dependent relationship exists (i) between MeSA and photosynthetic characteristics, i.e., net assimilation rate and stomatal conductance; and (ii) between MeSA and the induced VOC emissions from different biochemical synthesis pathways. Because MeSA is derived from shikimate, we also hypothesized that the contribution of shikimate/ PAL pathway VOCs to total volatile blend increases with increasing applied MeSA concentration.
Materials and methods

Plant material
One-year-old B. pendula seedlings were collected from the campus of the Estonian University of Life Sciences (58°23′34′N, 26°41′23′E) and transplanted into 2 l plastic pots filled with a 1:1:1 mixture of commercial garden soil (N:P:K = 10:8:16, Kekkilä Group, Vantaa, Finland), sand (AS Silikaat, Tallinn, Estonia) and vermiculite (Schetelig Group, Vantaa, Finland) . All seedlings were kept in a plant growth room at 21°C under 12 h light period with the light intensity of 600 μmol m −2 s −1 at the level of plants (Philips HPI/T Plus 400 W metal halide lamps; Philips Lighting S.A., Brussels, Belgium). Plants were watered twice a week to soil field capacity.
Methyl salicylate treatment of birch leaves
Three replicate B. pendula seedlings were used in every in situ MeSA treatment. From each seedling, one mature fully expanded leaf was chosen and investigated. Methyl salicylate (≥99.9%, Sigma-Aldrich, St. Louis, MO, USA) solutions of 0 mM (control), 5 mM, 10 mM, 20 mM and 50 mM were prepared in 5% ethanol. Ten milliliters of MeSA solution was homogeneously sprayed on both surfaces of the leaf blade. The total spraying procedure took 1-2 min. After spraying with the MeSA solution, the treated leaf was allowed to dry briefly such that no liquid was remaining on the leaf surface. After the treated leaf was enclosed in the glass chamber, gas exchange measurements and VOC collections were conducted subsequently at 0.5 h, 4 h, 8 h, 12 h, 20 h and 23 h after the treatments in the following 23 h. After the last measurements at 23 h, leaves were immediately harvested and scanned. Projected leaf area was measured by a custom-made software.
Gas exchange measurements
A custom-made open gas-exchange system was used to measure photosynthesis rate by analyzing CO 2 and H 2 O concentration changes and to collect VOC samples as described by Copolovici and Niinemets (2010) . The system is equipped with a 1.2 l double-walled glass chamber specifically designed for trace gas measurements. The temperature of the chamber was controlled by circulating water from a circulating water bath between the chamber walls. The ambient air was pumped through a 10 l buffer volume and an HCl-activated copper tubing to scrub ozone and humidified to~60% using a custom-made humidifier before passing into the glass chamber. The flow rate to chamber was maintained at 0.027 l s −1 , and mixed by a fan installed inside the chamber. The CO 2 concentration in the chamber was between 380 and 400 μmol mol
, light intensity at the leaf surface was 600 μmol m −2 s −1 and the chamber was kept at 25°C (leaf temperature was within ±1°C of chamber temperature). An infra-red dual-channel gas analyzer (CIRAS II, PPSystems, Amesbury, MA, USA) was used to measure CO 2 and H 2 O concentrations at the chamber in-and outlets. The measurements of net assimilation rate and stomatal conductance were recorded after the gas flows stabilized and the leaf gas exchange rates reached a steady state, typically in 10-20 min after leaf enclosure. Foliage gas-exchange rates were calculated according to von Caemmerer and Farquhar (1981) .
Volatile collection and gas chromatography-mass spectrometry analyses
Volatile organic compound samples were collected simultaneously with gas exchange measurements. At each measurement time, the volatiles were collected onto stainless steel cartridges filled with three different carbon-based (Carbotrap, Supelco, Bellefonte, PA, USA) adsorbents to trap all VOCs between C3-C17 using an air sample pump (210-1003MTX, SKC Inc., Houston, TX, USA). The VOC were sampled for 20 min at a constant flow rate of 0.2 l min −1
. The cartridges were analyzed with a combined Shimadzu TD20 automated cartridge desorber and a Shimadzu 2010 Plus gas chromatography-mass spectrometry instrument (Shimadzu, Kyoto, Japan) with a Zebron ZB-624 fused silica capillary column (0.32 mm i.d., 60 m length, 1.8 μm film thickness, Phenomenex, Torrance, CA, USA) according to the protocol described in Kännaste et al. (2014) . The VOC were identified by National Institute of Standards and Technology library (NIST 05) and then confirmed and quantified by authentic standards (Sigma-Aldrich, St. Louis, MO, USA). Background concentrations of VOC collected from empty chambers were subtracted from the measurements with plant leaves. The emission rates were calculated as
where φ i is the emission rate of the given VOC (nmol m −2 s −1
); P i is its peak area in the chromatogram, F is the air flow rate in chamber (0.027 l s −1 ); C is the calibration factor which is calculated by dividing peak area by the amount of a standard compound (g −1 ); M is the molar mass of the VOC (g mol −1 ); S is the enclosed leaf area from each treated leaf (m 2 ); and V is the volume of gas sampled onto the cartridge (L).
Statistical analyses
Data were tested for normality (Shapiro-Wilk test) and equality of variances (Levene's test). Ln-transformation was applied when necessary. In addition, linear and non-linear regression analyses were conducted to explore the relationships among the MeSA treatment concentration, gas exchange characteristics and different VOC groups (Sigmaplot 11.0, Systat Software GmbH, Germany). Linear mixed models (SPSS 16.0, Chicago, IL, USA) with MeSA treatment (different concentration of MeSA) and recovery time as fixed effects, and tree number as a random effect were used to test for the effects of MeSA treatments on the photosynthetic characteristics and VOC emission rates through the recovery time between control and treated plants. Post-hoc Fisher's LSD test (one-way ANOVA) was used to test for the differences in emission rates between individual VOCs. Kruskal-Wallis non-parametric one-way ANOVA was used when the normality test failed. Principal component analysis (PCA) was used to evaluate the effects of different concentrations of MeSA on the VOC compositions. Loading and score plots were initially derived after mean-centering and cube root transformation by MetaboAnalyst version 3.0 (Xia et al. 2012 , Xia and Wishart 2016 and then redrawn in OriginLab 8.0 (OriginLab Corporation, Northampton, MA, USA).
Results
Effects of MeSA treatments on leaf photosynthetic characteristics
None of the MeSA concentrations led to visible leaf damage by the end of the recovery period, but MeSA treatments significantly reduced net assimilation rate (A) ( Figure 1a ; Table 1 ). The time of recovery did not affect A, but the reduction in A initially increased with increasing MeSA concentration and the decrease leveled off at the higher concentration of MeSA (Figure 1a and c; Table 1 ). However, the overall reduction in A was at most~15% in 10 mM and 20 mM MeSA treatments (Figure 1c) . Differently from A, MeSA treatments did not affect stomatal conductance to water vapor (g s ), which varied only 4-7% across treatments (Figure 1b and d 
Effects of MeSA treatments on volatile emissions
In total 30 VOCs (6 benzenoids, 14 monoterpenes and 10 fatty acid derived compounds) were detected in the emissions of B. pendula leaves after MeSA treatments (Table 2) Table 1 ), while the total emission of LOX compounds was not significantly affected by MeSA treatments (Figure 2c ; Table 1 ). Similar to leaf gas exchange characteristics, the time of recovery did not alter total BZ, MT and LOX compound emissions (Figure 2a -c; Table 1 ). Methyl salicylate concentration dependence of total BZ emission rate was a function with a maximum; BZ emissions increased with MeSA concentrations up to 20 mM MeSA (0.21 ± 0.08 nmol m −2 s −1 ) and further decreased at 50 mM to 0.053 ± 0.013 nmol m −2 s −1 (Figure 2d ). Three BZ compounds, toluene, benzaldehyde and benzyl alcohol, were the main compounds reaching the highest emission rate in 20 mM MeSA-treated plants (Table 2) . However, despite the reduction of total BZ emissions, 2-propenyl benzene was only observed at a detectable level in 50 mM MeSA treatment (Table 2) . In contrast to BZ emissions, total MT emission decreased exponentially with increasing MeSA concentrations from 5 (highest emission of 0.40 ± 0.15 nmol m −2 s −1
; 27-fold increase relative to control plants) to 50 mM (0.02 ± 0.01 nmol m −2 s −1 ; 1.5-fold increase, Figure 2e ). Compared with the control plants, emission rates of three MTs, myrcene, limonene and p-cymene were significantly enhanced and another seven new (Table 1) . Data correspond to three independent biological replicates. Different letters indicate statistically significant differences at P < 0.05. 
1 In all cases, fully expanded, healthy attached leaves were used. Methyl salicylate solutions were prepared in 5% ethanol and 10 ml of the MeSA solution was homogeneously sprayed on both surfaces of the treated leaf. Plants treated with only 5% ethanol were used as controls (0 mM). Volatile samples were collected at 0.5 h, 4 h, 8 h, 12 h, 20 h and 23 h after MeSA treatments and averages across different recovery times are shown. Three independent biological replicates were used for each MeSA concentration treatment. Based on the volatile structure and synthesis pathway, detected volatile compounds were divided into three primary compound groups: benzenoids, monoterpenes and fatty acid derived compounds. 2 Different letters indicate statistically significant differences (P < 0.05) as tested by one-way ANOVA followed by Fisher's LSD test. Tree Physiology Online at http://www.treephys.oxfordjournals.org
MTs were detected at 5 mM MeSA (Table 2) . However, (E)-β-ocimene was undetectable until MeSA concentration reached 20 mM, and 3-carene was significantly elicited at 10 mM and 20 mM treatments.
Although total LOX compound emissions were not significantly affected by MeSA treatments (Figure 2f) , emissions of three C7-C9 VOCs, heptanal, (E)-2-nonen-1-ol and 1-octanol were significantly enhanced after the MeSA application (Table 2) .
Changes in the bouquets of volatiles upon MeSA treatment
Among all the three VOC groups emitted by B. pendula leaves, significant alternations in VOC compositions were found in 5 mM and 10 mM MeSA-treated plants (Figure 3) . The proportion of BZs dropped significantly from 45% in control plants to 21% in 5 mM and to 24% in 10 mM MeSA treatment, whereas the proportion of MTs increased from 21% in control plants to 48% in 5 mM and to 46% in 10 mM MeSA treatment. Higher MeSA concentrations (20 mM and 50 mM) did not affect the BZ proportion (Figure 3) . In contrast to the increased MT proportion in 5 mM and 10 mM MeSA-treated plants, MT proportion in 20 mM MeSA-treated plants decreased to 13%, i.e., nearly twofold reduction compared with control plants. Application of MeSA did not significantly affect the composition of LOX compounds in the total VOC emission (Figure 3) .
The PCA further revealed clear separations in the VOC emission blends induced by different MeSA concentrations (Figure 4) . Two principal components (PC1 and PC2) explained 53.6% of the variation of the observed VOC emissions. All MeSA treatments were clearly separated from the controls due to changes in emission rates of MT, BZ and LOX compounds (Figure 4 ). Higher emissions of α-pinene, 4-carene, limonene, p-cymene and γ-terpinene were associated with lower concentrations of MeSA (5 mM and 10 mM) (Table 2; Figure 4b ), whereas the emissions of LOX compounds, hexanal, (Z)-3-hexen-1-ol as well as saturated aldehydes like heptanal, octanal and nonanal constituted the characteristic VOCs that separated 20 mM and 50 mM treatments from others (Table 2; Figure 4) . Notably, the BZ compound, benzaldehyde, induced by 20 mM MeSA treatment also significantly contributed to the separation of 20 mM MeSA treatment from other treatments in the loading plot. Table 2 . The effects of time and MeSA concentration × time interaction were not significant (Table 1) 
Correlations among emissions of different volatile groups and photosynthetic characteristics
The emission rates of total BZ and MT compounds were negatively correlated with each other for 5 mM and 10 mM MeSA treatments (Figure 5a ). In contrast, positive correlation between total emission rate of the LOX compounds were observed with BZ for 20 mM and 50 mM MeSA treatments (Figure 5b) , and with MT for 5 mM and 10 mM MeSA treatments (Figure 5c ). Total emission of BZ compounds was negatively correlated with A across all data (Figure 6a ). In contrast, total emission of MT compounds was positively correlated with A for 5 mM and 10 mM MeSA-treated plants (Figure 6b ). In all MeSA-treated plants, there was a negative trend between A and fatty acid derived compound emissions (Figure 6c ). Stomatal conductance was poorly related to VOC emission rates, and only a weak positive correlation between g s and MT emission rate was observed across treatments (Figure 6e ).
Discussion
In this study, we demonstrated that manipulating MeSA concentrations affected gas leaf exchange and induced VOC emissions in B. pendula seedlings. Particularly, we demonstrated quantitative, partly optimum-type dose-dependent relationships between the MeSA concentrations and the magnitude of elicitation of specific VOC groups.
Effects of MeSA treatments on plant photosynthetic performance
Our results indicate that MeSA treatments result in varying effects on foliage photosynthetic characteristics, whereas the net assimilation rate (A) is more strongly affected by MeSA treatments than stomatal conductance (g s ) (Figure 1 ; Table 1 ). So far, it is unclear how photosynthesis is regulated in response to MeSA, but our results suggest that MeSA effect on photosynthesis is non-stomatal. The non-stomatal effects of MeSA on Figure 3 . Effects of MeSA treatments on the distribution of volatiles (average ± SE percentages of total emissions) between three major compound classes: benzenoids, monoterpenes and fatty acid-derived compounds in Betula pendula leaves. Data were collected from three independent biological replicates at each MeSA treatments. As indicated in Figure 2 , VOC emission rates of different compound groups did not differ through the recovery period, and thus, emission rates of all recovery times were pooled, and analyzed by one-way ANOVA followed by Fisher's LSD test. Different letters indicate statistically significant differences at P < 0.05. (Table 2 for compound codes) collected from three biological replicates during 23 h after application of different concentrations of MeSA were used in the PCA analysis. In the loading plot (a), the impact of volatiles increases with the distance from the origin of the coordinate system. In the score plot (b), the mean scores ± SE (n = 3 for each treatment) of principal components (PC1 and PC2) were calculated by MetaboAnalyst version 3.0 and redrawn in OriginLab 8.0. The variation explained by each PC is shown in both axes.
Tree Physiology Online at http://www.treephys.oxfordjournals.org Effect of MeSA on volatile emissions 1519 photosynthesis can result from changes in cytoplastic and chloroplastic pH as well as due to production of reactive oxygen species (ROS) and concomitant oxidative damage (Fariduddin et al. 2003 , Garrido et al. 2009 ).
Several studies have observed a stronger reduction of photosynthetic characteristics at greater SA concentrations (Janda et al. 2014) . Regarding stomatal conductance, for example, in tomato (Lycopersicon esculentum Mill.) leaves, application of SA in the range of 0.0001-0.1 mM did not affect stomatal conductance, but higher SA concentrations up to 1 mM led to stomatal closure (Poór and Tari 2012) . Our results indicate that the doses of MeSA employed are non-toxic for the plant leaves. It could be presumed that the endogenous SA concentration derived from the final assimilated MeSA was not high enough in stomatal guard cells and/or in surrounding epidermal cells to affect g s in B. pendula leaves in our study.
Differently from g s , A indeed decreased with increasing MeSA concentration, except for 50 mM MeSA treatment, which did not significantly differ from the control treatment and from leaves treated with 10 mM and 20 mM MeSA (Figure 1c) . Such nonresponsiveness might reflect limitations in MeSA uptake, i.e., the maximum uptake capacity of leaf tissues for MeSA might have been already reached before the MeSA concentration increased to 50 mM. This speculation is supported by the stable level of foliar MeSA concentration in holm oak (Quercus ilex) leaves subjected to 24 h constant MeSA fumigation (Llusià et al. 2005) . Alternatively, lower response to 50 mM MeSA might also reflect saturation of physiological responses or inhibition of responses. During our study, we did not observe visible damage of leaf tissues by any MeSA concentrations, nor were higher MeSA concentrations lethal. However, different endogenous MeSA concentrations might qualitatively alter the conversion rate of MeSA to SA, as well as alter the cross-talk between SA-and JA-dependent signaling, and there is also evidence of certain synergy and antagonism between both signaling pathways (Liu et al. 2016 , Mur et al. 2006 , Niki et al. 1998 ). This is relevant as both SA-and JA-dependent signaling pathways are involved in affecting photosynthesis and VOC emissions in plants (Ozawa et al. 2000 , Attaran et al. 2014 , Nazar et al. 2015 . Alternation between SA and JA pathways caused by MeSA might explain the complex dose dependence of net assimilation rate and induced VOCs (see below).
Effects of MeSA treatments on benzenoid emissions
We hypothesized that application of exogenous MeSA enhances SA accumulation in treated leaves and subsequently affects BZ emissions by indirectly mediating the shikimate/PAL pathway activity. Indeed, BZ emission rate was positively correlated with MeSA concentration (Figure 2d ). In particular, the emission rate of the dominant BZ compound, benzaldehyde, increased ca four-fold in 10 mM and eightfold in 20 mM MeSA-treated plants (Table 2 ). Increased emission of benzaldehyde can be interpreted as a direct impact of exogenous MeSA on the PAL pathway, as benzaldehyde is considered one of the SA precursors derived from trans-cinnamic acid in shikimate/PAL pathway (Ibdah et al. 2009 , Dempsey et al. 2011 . Another BZ compound, benzyl alcohol, is formed in the same pathway as benzaldehyde. Thus, elicitation of its emission in response to exogenous MeSA suggests that endogenous SA biosynthesis pathway was enhanced in MeSA-treated B. pendula seedlings. Additionally, toluene, p-xylene and ethyl benzene were also detected in the VOC blends ( Table 2 ). The specific biological pathway synthesizing those simple BZ VOCs in plants is still unknown. However, the elicitation of toluene and p-xylene under stresses (e.g., wounding, heat and herbivory attack) in other species implies their potential roles in indirect defense mechanisms (Heiden et al. 1999 , Manninen et al. 2002 , Misztal et al. 2015 .
Induction of monoterpene emissions upon MeSA treatments
The induced emissions of MT are de novo synthesized MTs and thus, these emissions are closely connected to the photosynthesis characteristics (Loreto et al. 1996) . Accordingly, in our study, we found that total emission rates of MTs were positively correlated to net assimilation rate under 5 mM and 10 mM MeSA treatments (Figure 6b ). Figure 5 . Non-linear regressions were fitted to all data in (a), (c) and (e) with the regression equations of y = 24700e -0.75x , y = 52,600e -0.81x and y = 0.85e 0.16x , respectively. In (b) a linear regression with the equation of y = −1.08 + 0.18x was fitted to date from 5 mM and 10 mM MeSA-treated plants.
In our study, significant emissions of MT were elicited under all MeSA treatments in B. pendula seedlings (Figure 2b and e; Table 1 ). Monoterpenes have been found to play a positive role in plant stress resistance in various studies (Loreto et al. 2004 , Llusià et al. 2014 . Methyl salicylate-induced emission of MTs might also have a synergistic effect with MeSA in strengthening SAR in both the MeSA 'donor' and 'recipient' plants. In Arabidopsis thaliana (L.) Heynh, both MeSA and α-pinene and β-pinene treatments induced SAR in treated plants and the induction of defense in neighboring plants was associated with presence of α-pinene, β-pinene and camphene emissions in the 'donor' plants (Riedlmeier et al. 2017) . Indeed, emission rates of most MTs increased under 5 mM and 10 mM MeSA treatments, with the most prominent rise in α-pinene (sevenfold) and camphene (14-fold) emissions (Table 2) .
By externally applying MeSA we demonstrated a negative correlation between exogenous MeSA concentration and the emission rate of induced MTs (Figure 2e ). Specifically, our results indicated that lower exogenous MeSA concentrations (5-10 mM) facilitate, but higher concentrations (20-50 mM) suppress MT emissions in B. pendula seedlings (Figure 2e ). Of the total induced VOCs, the share of MTs reached up to almost 50% in 5 mM and 10 mM MeSA treatments, whereas the MT share was only 13% in 20 mM and 22% in 50 mM treated plants (Figure 3) . Thus, the relationship between the share of MT in total VOC emission blend and MeSA concentration was not linear in B. pendula leaves. Llusià et al. (2005) fumigated Quercus ilex leaves with MeSA and observed uncontrolled ROS accumulation and cell death in treated plants. Therefore, direct effects of MeSA on induction of MT volatiles may be attributed to the production of ROS in leaf tissues. It has been shown that infestation-induced SA accumulation suppresses JA-induced enzyme (E)-β-ocimene synthase gene expression that catalyzes synthesis of (E)-β-ocimene (Zhang et al. 2009 ). Interestingly in our study, the emission rate of (E)-β-ocimene, which is often specifically induced by herbivory attack and considered as one of the stress marker MTs (Pickett et al. 2003 , Navia-Giné et al. 2009 , Shimoda et al. 2012 ) increased only in 20 mM and 50 mM MeSA-treated plants after 4 h of treatment (Table 2 ; see Figure S1 available as Supplementary Data at Tree Physiology Online). Emission of (E)-β-ocimene emission from 20 mM and 50 mM MeSA-treated plants (Table 2 ; see Figure S1 available as Supplementary Data at Tree Physiology Online) provides some indirect evidence that MeSA induced more strongly SA accumulation in 5 mM and 10 mM than in 20 mM and 50 mM MeSA-treated plants, although differential effects on JAdependent signalling cannot be ruled out.
Effects of MeSA treatments on emissions of fatty acid-derived volatiles
Previous studies have shown that transient MeSA treatment triggered oxidative burst and eventually led to hypersensitive cell death in plants (Shulaev et al. 1997, Yun and Chen 2011) . Thus, one would expect that a higher concentration of exogenous MeSA would increase endogenous SA concentration and induce cell damage in leaf tissues and subsequently induce emission of LOX compounds. Although we did not observe any visual damage, we observed that A was negatively correlated with the emission rate of LOX compounds (Figure 6c ). Yet, this correlation was relatively weak, as 50 mM MeSA treatment did not significantly affect A (see above). However, the emission rates of all LOX compounds detected in this study, i.e., hexanal, (Z)-3-hexen-1-ol, 1-hexanol, 2-ethyl hexanal, (3Z)-3-hexenyl acetate and (E)−2-nonen−1-ol were in general higher in plants treated with 20 mM and 50 mM MeSA than with 5 mM and 10 mM MeSA (Table 2 ). In addition to these classic LOX compounds, emission rates of an aliphatic saturated aldehyde heptanal and a linear alcohol 1-octanol were also significantly increased by MeSA treatments (Table 2 ). These results confirm that MeSA application breaks the homeostasis in leaf tissues and thus, triggers the early stress responses.
How did different MeSA concentrations affect VOC emission rates and overall emission composition?
As a stress elicitor or stress signal transmitter, MeSA could affect VOC emission patterns in B. pendula seedlings by either directly triggering ROS formation or indirectly by affecting the cross-talk between various physiological pathways orchestrating the VOC syntheses. The release of LOX compounds can be considered as a signal to infer damage at cell membrane level in leaf tissues (Spinelli et al. 2011 . Although through the entire recovery period, total emission of LOX compounds was not significantly affected by MeSA treatments, increased emissions of several individual LOX compounds in 20 mM and 50 mM MeSA-treated plants were indicators for cellular damage or enhanced ROS brought about by MeSA treatments (Table 2) . Moreover, emission of LOX compounds played an important role as main components separating the treatments with higher MeSA concentration (20 mM and 50 mM) from the treatments with lower concentration (5 mM and 10 mM) in PCA (Figure 4) . Interestingly, we found that the emission rates of LOX compounds were positively correlated with BZ in 20 mM and 50 mM MeSA treatments, but with MT in 5 mM and 10 mM MeSA treatments (Figure 5b and c) . The presence of LOX compound emissions is related to the degree of stress in leaf tissues (Jiang et al. 2017b) , and it could be inferred that synthesis and emission of MTs played an important role in plant resistance to moderate stress, while BZ release was associated with severe stress. This is further supported by the evidence that the share of BZs and MTs in the total VOC blend at the lower MeSA treatment concentrations of 5 and 10 mM MeSA was shifted to MTs, while the share was shifted to BZs in plants treated with higher MeSA concentrations of 20 and 50 mM ( Figure 3 ). As discussed above, shifts in the activity of SA and JA signaling pathways by MeSA might be responsible for altered BZ and MT emission patterns. In plants, the two pathways responsible for synthesis of BZs and MTs, shikimate/PAL and MEP/DOXP pathways, are both located in plastids and have a common early intermediate, phosphoenolpyruvate (PEP), suggesting that there might be a certain competition between these pathways at substrate level (see the pathway scheme in Niinemets et al. 2013) . If this is the case, preferential activation of one pathway by changes in flux controlling enzyme activity can shift the production of end-products by the other pathway if the enzymatic apparatus of the other pathway remains unchanged or increases less. Thus, decreased MT emissions coupled with increased BZ emissions as MeSA treatment concentration increased might indicate preferential activation of the shikimate/PAL pathway (Figures 3 and 5a ).
Conclusions
In this study, we investigated how exogenous MeSA affected leaf gas exchange and VOC emission rates and composition in B. pendula seedlings. Application of MeSA led to reduced net assimilation rate without affecting stomatal conductance. We further demonstrated contrasting dose dependencies among the applied MeSA dose and emissions of different VOC compound groups. These results reveal the potential role of MeSA in plant-plant stress signal transduction through influencing several secondary metabolism and signaling pathways, including the shikimate/PAL pathway, MEP/DOXP pathway and SA/JA signaling pathway. Further studies are needed to gain insight into how thecross-talk between SA and JA signaling pathways results in qualitatively different VOC responses at different MeSA concentrations.
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